Microglia, the innate immune cells of the brain, engulf and eliminate cellular debris during brain injury and disease. Recent observations have extended their roles to the healthy brain, but the functional impact of activated microglia on neural plasticity has so far been elusive. To explore this issue, we investigated the role of microglia in the function of the adult olfactory bulb network in which both sensory afferents and local microcircuits are continuously molded by the arrival of adult-born neurons. We show here that the adult olfactory bulb hosts a large population of resident microglial cells. Deafferentation of the olfactory bulb resulted in a transient activation of microglia and a concomitant reduction of adult olfactory bulb neurogenesis. One day after sensory deafferentation, microglial cells proliferate in the olfactory bulb, and their numbers peaked at day 3, and reversed at day 7 after lesion. Similar lesions performed on immunodeficient mice demonstrate that the both innate and adaptive lymphocyte responses are dispensable for the lesion-induced microglial proliferation and activation. In contrast, when mice were treated with an antiinflammatory drug to prevent microglial activation, olfactory deafferentation did not reduce adult neurogenesis, showing that activated microglial cells per se, and not the lack of sensory experience, relates to the survival of adult-born neurons. We conclude that the status of the resident microglia in the olfactory bulb is an important factor directly regulating the survival of immature adult-born neurons.
Introduction
In mammals, neurogenesis occurs continuously in two discrete areas of the adult forebrain, the dentate gyrus of the hippocampus and the subventricular zone (SVZ) of the forebrain lateral ventricles (Ming and Song, 2011) . Hippocampal adult-born neurons locally differentiate into dentate granule cells that are necessary for spatial learning, stress responses, and mood regulation, and are thought to exert specific computational functions (Clelland et al., 2009; Sahay et al., 2011; Snyder et al., 2011) . SVZ adult-born neurons migrate along the rostral migratory stream (RMS) toward the olfactory bulb (OB), where they differentiate into GABA-and dopaminereleasing interneurons (Lledo et al., 2006) . It is believed that this ongoing adult neurogenesis is required for maintenance of the OB circuit, for optimal olfactory functions related to innate responses, and olfactory discrimination and memory (Imayoshi et al., 2008; Valley et al., 2009; Sakamoto et al., 2011 ) (for review, see Lazarini and Lledo, 2011) . Adult bulbar neurogenesis is also extremely sensitive to sensory experience, with numerous studies showing that neuronal survival is reduced by olfactory deprivation and is enhanced by olfactory learning . However, the molecular mechanisms regulating the survival of adult-born neurons remain poorly identified.
Microglia, the innate immune cells of the CNS, are potential candidates to influence the survival of adult-born OB interneurons (Kreutzberg, 1996) . Microglia derive from myeloid precursor cells, which invade the mammalian brain during development and are highly active sentinels of the brain parenchyma (Nimmerjahn et al., 2005; Ginhoux et al., 2010) . Quiescent microglia play an important role in eliminating adult-born neurons experiencing programmed cell death in the hippocampus and for synaptic pruning during brain development (Sierra et al., 2010; Paolicelli et al., 2011) . Not only do microglial cells contribute to the elimination of dead neurons, but they also eliminate neuroblasts in the developing cerebellum (Marín-Teva et al., 2004) .
To perform all these various tasks, microglial cells are first activated in response to pathological tissue changes. Activation causes their migration to the site of injury where they proliferate and acquire new functions including phagocytic activity, and the secretion of cytokines, chemokines, growth factors, and neurotrophins (Ransohoff and Cardona, 2010; Prinz et al., 2011) . However, while activation of microglia is a requisite step during pathological conditions, it can be detrimental (Ekdahl et al., 2003; Monje et al., 2003; Jakubs et al., 2008) or beneficial (Ziv et al., 2006) during the ongoing process of adult hippocampal neurogenesis.
Recently, new insights have emerged regarding the specific contribution of local microglia to SVZ neurogenesis. It has been reported that inflammation within the SVZ reduces the production of new OB interneurons leading to some olfactory deficits (Pluchino et al., 2008; Tepavčević et al., 2011) . Here, we have investigated whether OB microglia contribute directly to the survival of adult-born neurons. For this purpose, we used the dichlobenil olfactotoxin to induce selective lesions of sensory afferents and have found that a transient activation of microglia cells contributes to the regulation of adult OB neurogenesis.
Materials and Methods

Ethics statement and animal facilities
All animal procedures complied with the French legislation (Rural Code articles L 214-1 to L 214-122 and associated penal consequences), European Communities Council Directive of 24 November 1986 (86/609/EEC), and European Union guidelines. They were approved by our institutional animal welfare committee (Ministry approval number A 75-15-08 for animal care facilities; approval number 75-585 for animal experimentation). We made all efforts to minimize animal suffering and the number of mice used.
Mice
Two-month-old male immunocompetent and immunodeficient mice were used in this study. Wild-type (C57BL/6J) mice were obtained from Janvier. Mice doubly deficient in the recombination activating gene 2 and the common cytokine receptor ␥-chain (here called Rag2 ␥c Ϫ/Ϫ mice), which lack T-cells, B-cells, and natural killer cells, were propagated on a C57BL/6 background (Colucci et al., 1999) . Animals were housed in transparent plastic cages (15 ϫ 30 ϫ 30 cm) in groups of four to five and maintained in standard conditions (room temperature of 20 -22°C under a 12 h light/dark cycle, with lights on at 8:00 A.M., ad libitum access to dry food pellets and water).
Chemical ablation of olfactory epithelium
A single dose of dichlobenil (2,6-dichlobenzonitrile; 150 g/g body weight; Sigma-Aldrich) freshly dissolved in dimethyl sulfoxide (SigmaAldrich; 2 l/g body weight), or vehicle only was injected by the intraperitoneal route as previously described (Vedin et al., 2004) .
Behavior tasks
These experiments were performed under light illumination (100 lux) during the light period (1:00 to 6:00 P.M.) in dedicated rooms. A video camera fixed to the ceiling was connected to a computer situated outside the test room and behavior was analyzed using a videotrack system (View-point). Mice were used only once for each test.
Buried food finding test. A slight modification of the buried-food finding test described by Jamain et al. (2008) was used to assess olfaction. Four days before testing, mice were fasted for 20 h, and then received several pieces of "Coco Pops" cereal (Kellogg's). Twenty hours before testing, mice were fasted and then individually placed into a fresh cage (37.5 ϫ 17 ϫ 18 cm) with standard bedding for 20 min. While mice were placed in another similar cage for 2 min, ϳ10 -12 pieces of cereals were hidden in 1.5 cm bedding in a corner of the test cage. The tested mouse was then positioned in the opposite corner, and the latency to find the food (defined as the time to locate food and initiate digging) was recorded using a chronometer. The test was performed during a 15 min period. As soon as food was uncovered, mice were removed from the cage. Thirteen minutes later, mice underwent similar testing procedures with visible Coco Pops, placed upon the bedding.
Innate avoidance test. To further assess odorant detection, we used the innate avoidance test described by Jaskelioff et al. (2011) with minor modifications. The test cages were open boxes (36 ϫ 24 ϫ 29 cm) with two compartments separated by an aluminum partition (holes, 0.5 cm diameter). The lower compartment was 2.5 cm high. Mice were fasted for 20 h, and then acclimated individually in a cage similar to the test cage for 20 min before testing. Mice were exposed to either 40 l of either water or increasing concentrations of 2-methylbutyric acid (2-MB acid dissolved in water) by placing a filter paper dish (70 mm) in the lower compartment. Each exposure lasted 3 min. An interval of 2 min separated trials. For analysis, the test cage was virtually divided in three equally sized zones, including the scented zone (i.e., zone 1). Using the videotrack system, both trajectory and time spent in each zone were determined at day 11 and day 28 after lesion. Animals were considered to have an innate avoidance behavior when they kept away from the scented zone.
Dark/light test. This test was used to assess anxiety-related behavior. The emotional response to anxious stimuli, such as highly illuminated situation, was evaluated using an apparatus consisting in two compartments of equal size (21.5 ϫ 15.5 ϫ 25 cm): A white brightly illuminated compartment (500 lux) connected to a black very dark one (3 lux) through a small door. Mice were placed individually into the white compartment. The latency to enter the dark side, the time spent in each compartment, and the number of transitions between compartments were determined over a 5 min period using the videotrack system at day 30 after lesion. Animals were considered "anxious" when they avoided staying in the highly illuminated box.
5-Bromo-2Ј-deoxyuridine administration
To label fast-proliferating cells, mice were injected intraperitonally with a DNA synthesis marker, 5-bromo-2Ј-deoxyuridine (BrdU) (SigmaAldrich), at 100 mg/kg (freshly prepared in sterilized 0.9% NaCl), 2 h before perfusion. To label all proliferating cells, BrdU (1 mg/ml) was given in drinking water for 1 week.
Antiinflammatory treatment
Minocycline (Sigma-Aldrich) freshly dissolved in sterilized 0.9% NaCl, or vehicle was injected intraperitoneally during 3 or 35 d after the lesion. Mice were treated with minocycline (50 mg/kg) twice daily for the first 2 d (8 h interval) and once daily for the next 5 d, followed by 25 mg/kg once daily as described previously (Ekdahl et al., 2003) .
Immunohistochemistry
Primary antibodies used in this study and their working dilutions are listed in the Table 1 .
Immunoperoxidase staining. For single immunolabeling of either tyrosine hydroxylase (TH), doublecortin (DCX), and cluster of differentiation 68 (CD68), brain sections were first incubated for 20 min in citrate buffer (0.1 M) with pH 9.0 at 80°C, and then incubated with the appropriate primary antibody. Labeled cells were detected using a corresponding biotinylated secondary antibody (Jackson ImmunoResearch Laboratories) and developed using the ABC system (Vector Laboratories) and 3,3Ј-diaminobenzidine (0.05%; Sigma-Aldrich) as previously described (Lazarini et al., 2009) .
Immunofluorescence staining. Single-cell analysis of coexpression of different markers was performed using double (or triple)-labeling immunohistochemistry as previously described (Alonso et al., 2008) . For glial fibrillary protein (GFAP), CD68, and CD45 immunostaining, antigen retrieval was performed for 20 min at 80°C in 1 mM EDTA. For BrdU staining, DNA was denatured with 2N HCl for 30 min at 37°C. Incubation with primary antibodies was performed individually [except for anti-olfactory marker protein (OMP) and anti-growth association protein 43 (GAP43), which were incubated together overnight] and followed by an incubation with corresponding Alexa-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). Sections were stained with the nuclear dye DAPI (4Ј,6Ј-diamidino-2-phenylindole) before mounting. Image acquisition, quantification, and densitometry analysis. Immunoperoxidase staining was quantified by measuring optical density using custom-written QUIA software (http://www.bioimageanalysis.org) as previously described (Lazarini et al., 2009) . For each animal, eight sections 400 m apart were selected, using the accessory OB as landmark. Double and triple immunofluorescence staining was analyzed in three dimensions using either a confocal laser-scanning microscope (LSM 510; Zeiss) or an Apotome microscope (Aviovert 200M; Zeiss). Colocalization was evaluated in single optical planes taken through the entire z-axis of each cell. All BrdU ϩ cells present in the glomerular layer (GL) were scanned and analyzed (three to six slices per animal; three animals analyzed per group). For double-staining analysis with ionized calcium binding adaptor molecule (IBA1) and CD45, or BrdU and CD68, positive cells were counted in 20 adjacent glomeruli (six slices per animal; three to four animals analyzed per group). Cells immunoreactive for DCX were counted in the entire GL and the dorsomedial part of the GCL (8 -10 slices per animal, 3-4 mice analyzed per group). Data are expressed as number of simple-labeled cells, double-labeled cells, or the percentage of double-labeled cells present in the GL or GCL.
Protein quantification by dot-blot immunoassay
The OB levels of OMP and GAP43 was quantified by dot-blotting techniques as previously described (Tham et al., 2001) . The density of the signals was quantified by a Epson Expression 1680 Pro scanner using NIH Image software.
Statistical analyses
All data are expressed as mean Ϯ SEM. Statistical analyses were performed using Prism software (GraphPad; version 5.0c), with p Ͻ 0.05 considered significant. Data were analyzed using unpaired two-tailed Student's t test, one-way ANOVA, or two-way ANOVA followed by Bonferroni's post hoc test, when appropriate. In the buried food-finding test, log-rank (Mantel-Cox) test was used to evaluate differences between experimental groups.
Results
Effectiveness of the olfactory lesion
Olfactory sensory neurons (OSNs) of the olfactory neuroepithelium (OE) project via the olfactory nerve to glomeruli in the OB where they synapse on the dendrites of output mitral/tufted cells. Dichlobenil administration results in OB deafferention due to a rapid degeneration of OSNs and their axonal projections (Alonso et al., 2008) . We evaluated the impact of this lesion by quantifying staining for OMP (a cell marker specific to mature OSNs) and for GAP43 (a cell marker specific to immature OSNs) in the GL. While a strong immunoreactivity for OMP and GAP43 characterizes the axon processes within the GL in the control OB ( Fig.  1 A, B) , both markers were drastically reduced following administration of dichlobenil (treatment effect for OMP: F (1,17) ϭ 65.53, p Ͻ 0.0001; treatment effect for GAP43: F (1,20) ϭ 10.56, p ϭ 0.0040). Immunolabeling for OMP and GAP43 began to decline 7 d after dichlobenil treatment and reaches the lowest expression level at 14 d, reflecting the degeneration rate of OSN terminals ( Fig. 1 A, B) . Both expression levels remained suppressed even 1 month later consistent with a previous report (John and Key, 2003) . Nevertheless, we noted a slight increase in both OMP and GAP43 levels at 28 d (Fig. 1 B) , which might reflect the first attempts of OSNs to reinnervate the GL. This hypothesis is supported by previous studies showing that, between 8 and 18 weeks after dichlobenil administration, OSNs start partially regenerating some areas of the OE and innervate inappropriate glomeruli (John and Key, 2003; Vedin et al., 2004) .
Since dichlobenil treatment is efficient in lesioning olfactory sensory afferents, we investigated whether the OB neural activity is impaired by quantifying TH immunostaining at 21 and 28 d after lesion (Fig. 1C) . TH, the rate-limiting enzyme in the catecholamine synthesis, is expressed only in dopaminergic periglomerular (PG) neurons through an activity-dependent manner (Baker et al., 1983; Kiyokage et al., 2010; Kosaka and Kosaka, 2011) . We found a drastic decrease in the TH immunoreactivity in lesioned mice compared with controls ( Fig. 1C ) at 21 and 28 d after lesion (F (2,17) ϭ 12.95; p Ͻ 0.0001). This finding indicates that olfactory deafferentation lasts at least 1 month and supports previous observations made from distinct methods to induce olfactory deafferentation (Baker et al., 1983; Mandairon et al., 2006; Bastien-Dionne et al., 2010; Parrish-Aungst et al., 2011) .
Finally, we confirmed the effectiveness of sensory deafferentation by assessing the olfactory behavior of dichlobenil-treated mice. No change in locomotor activity was observed after OE lesioning using an open-field paradigm (data not shown). Then, we assessed the latency to uncover small pieces of cereals hidden beneath a layer of cage bedding (Fig. 1 D) . While control mice find cereals within 45 s, treated mice exhibit much higher latency (fivefold increase at 25 d after lesion: Kaplan-Meier survival analysis, Mantel-Cox log-rank test, (Fig. 1 D) . This observation made using attractive food odorants indicates a deficit in olfaction following the loss of OSN. Similarly, innate avoidance tests were performed using increasing concentrations of 2-MB acid, an odorant emitted by spoiled foods that triggers innate aversive responses (Kobayakawa et al., 2007; Jaskelioff et al., 2011) . As a control, water was first presented to each individual mouse. We found that this olfactory behavior was strongly impaired by OE lesioning for at least 1 month (treatment effect for day 11: F (1,40) ϭ 6.23, p ϭ 0.0168; treatment effect for day 28: F (1,24) ϭ 11.51, p ϭ 0.0024). Control mice showed avoidance response to the 2-MB acid presented at 10 Ϫ4 and 10 Ϫ5 M, spending more time in the cage zones faraway from the odorant source ( Fig. 1 E) . In contrast, lesioned mice showed noninterest, or even attraction, to 2-MB acid at all concentrations used, thus staying longer in the scented zone ( Fig. 1 E, F ) . Collectively, these results are consistent with previous studies reporting altered sense of smell after dichlobenil treatment (Genter et al., 1996; Vedin et al., 2004) . Because anosmia may induce behavioral alterations such as anxiety, which might not be detected by open-field paradigm, dark/light tests were performed (Fig. 1G) . We found that the total time spent in the light compartment of the box did not differ significantly among the control and the lesioned group (data not shown). Meanwhile, lesioned mice spent less time in the light compartment before leaving it for the first time (30 d after lesion, t (29) ϭ 3.894, p ϭ 0.0005). These findings indicate that lesioned mice are more anxious than controls in a novel anxiogenic environment. Thus, dichlobenil treatment produced a dramatic OB deafferentation persisting for at least 1 month and, during this period, produced robust impairment in olfactory-guided behavior.
The survival of new neurons decreases after sensory deafferentation
We evaluated the effects of sensory deafferentation on adult neurogenesis by quantifying the number of adult-born neurons located in the OB during the first month after lesion. We first analyzed DCX immunoreactivity in the different OB layers including the GL, the granule cell layer (GCL) and the RMS located at the core of the OB (RMSob). DCX is a neuronal marker transiently expressed by newly generated PG and GC cells (Brown et al., 2003) . We observed a decreased number of DCXϩ cells in the GL of lesioned mice (treatment effect: F (1,21) ϭ 8.451, p ϭ 0.0084) at 21 and 28 d after lesion (Fig. 2 A, B) . This decrease was accompanied by a strong reduction of DCX immunoreactivity in the GCL at 21 and 28 d after lesion (Fig. 2 B; treatment effect: F (1,15) ϭ 8.08, p ϭ 0.0124; comparison between control and lesioned mice at 28 d: t (5) ϭ 3.805, p Ͻ 0.01), due to a reduction in the number of DCXϩ cells in the GCL ( Fig. 2C ; t (6) ϭ 5.38; p ϭ 0.0017 at 28 d after lesion). However, we found that DCX immunoreactivity in the RMSob was not changed, indicating similar number of neuroblasts arriving to the OB after the lesion (Fig. 2 D) . The latter finding supports a previous study that showed that chemical lesion of the main OE by dichlobenil does not change cell proliferation in the SVZ (Alonso et al., 2008) . The reduction in OB neurogenesis might result therefore from a decrease in the survival of newly generated neurons but not from a reduction in their proliferation and migration from the SVZ.
To confirm that PG neurogenesis is impaired by the chemical deafferentation, we labeled newly generated neurons by BrdU during the first week following lesion and investigate their fate 1 month after lesion by double staining with the neuronal marker NeuN. We focused our quantification to the GL where most of the adult-born neurons make direct contact with olfactory sensory inputs . For long-term labeling of newly generated neurons, BrdU was administrated via the drinking water during 1 week and mice were perfused 4 weeks later (Fig. 3A) , which is sufficient time for the neuroblasts produced in the SVZ to reach and integrate the OB circuitry (Petreanu and Alvarez-Buylla, 2002; Carleton et al., 2003) . In the control group, several cells expressing both BrdU and NeuN were observed in the GL corresponding to the newly generated PG cells (Fig. 3B) . We found an increased number of BrdUϩ cells in the GL of the lesioned mice 1 month after the lesion (Fig. 3C) . However, Figure 1 . Sensory deafferentation reduces OB activity and impairs olfaction. A, The immunostaining for OMP (green) and GAP43 (purple) shows expression in the glomeruli of control (top panels) and lesioned (bottom panels) OE. The efficacy of OB deafferentation is exhibited by the low expression of both OMP and GAP43 after diclobenil injection. The dotted lines delineate glomeruli. B, Time course analysis of OMP and GAP43 expression (optical density) in the OB of control and lesioned mice (n ϭ 3-4). C, Photomicrographs of coronal sections showing TH immunoreactivity in the control (top) or deafferented (middle) OB, 1 month after lesion. Note the strong decrease in the TH immunoreactivity at 21 and 28 d after lesion (bottom; n ϭ 4 -6). D, Latency to find food in the buried food-finding test performed at 25 d (n ϭ 8) after lesion. Lesioned mice showed a larger latency to find the hidden food than controls, and a similar latency to find the visible food than controls. E, Representative tracings of control and deafferentated mouse locomotion (11 d after lesion) during a 3 min exposure either to water or to 2-MB acid (10 Ϫ4 M). The position of the mouse was assessed in the cage test by analyzing three zones (delineated by gray lines) named zone-1, -2, and -3. Mice were first exposed to water, and then to increasing concentrations of 2-MB acid. The bottom panels are tracings of mice for the last concentration of 2-MB acid (10 Ϫ4 M). While control mice avoid 2-MB mainly in the scented zone 1, lesioned mice showed attraction, or noninterest, to 2-MB. F, Time spent in scented zone 1 with water or 2-MB acid for control and deafferentated mice at 11 d (n ϭ 8; top graph) and 28 d (n ϭ 4; bottom graph) after lesion. All control mice showed an avoidance response to 2-MB acid presented at 10 Ϫ4 and 10 Ϫ5 M, while lesioned mice were nonresponsive at all concentrations. G, Latency to reach the dark compartment during 5 min in the dark/light test performed at 30 d (n ϭ 15-16) after lesion. Lesioned mice showed a shorter latency to enter for the first time into the dark compartment than controls. the number of newly generated neurons (i.e., BrdUϩ/NeuNϩ cells) was significantly diminished (a 45% reduction) in the GL of lesioned mice compared with controls (t (8) ϭ 2.870, p ϭ 0.0208; Fig. 3C ). Together, these findings support previous studies showing that sensory deprivation, or olfactory deafferentation, reduces adult OB neurogenesis by decreasing the survival of newly generated neurons (Corotto et al., 1994; Fiske and Brunjes, 2001; Petreanu and AlvarezBuylla, 2002; Yamaguchi and Mori, 2005; Mandairon et al., 2006; Bastien-Dionne et al., 2010; Sawada et al., 2011) .
Olfactory deafferentation induces microgliosis within the glomerular layer
Because the number of BrdUϩ cells was relatively high in the GL 35 d after lesion (Fig. 3C) , and since most of these cells were not neurons (i.e., NeuNϪ), we decided to identify the phenotype of BrdUϩ cells found in the GL after the lesion. Microglial proliferation (hereafter a process called microgliosis) is often observed following brain injuries; therefore, we used IBA1, a marker of both unactivated and activated microglia, to count the numbers of IBA1ϩ cells and IBA1ϩ/BrdUϩ cells in the GL 34 d after lesion (Jensen et al., 1994; Ito et al., 1998; Ajami et al., 2007) . As expected, while very few IBA1ϩ/BrdUϩ cells were found in the normal GL, many newly generated microglial cells were observed in the GL of lesioned mice (Fig. 3 D, E) . Quantification showed an 18.5-fold increase in the number of IBA1ϩ/BrdUϩ cells (t (5) ϭ 3.544; p Ͻ 0.001). Meanwhile, no astrocytosis was found after deafferentation (Fig. 3F ) . Using Olig2, a transcription factor mainly expressed by oligodendrocyte precursors and reactive astrocytes, we found no olig2ϩ/GFAPϩ cells and no change in the number of Olig2ϩ cells within the GL after deafferentation (data not shown), confirming that astrocytes do not proliferate after the chemical lesion (Ono et al., 2009) . These findings are reminiscent of those of Graeber et al. (1988) showing a strong microgliosis but not astrocytosis following facial nerve axotomy.
Most of the new cells found in the normal GL were neurons (93% NeuNϩ cells) and only 2% corresponded to newly generated IBA1 microglial cells (Fig. 3F ) . In contrast, in lesioned mice, 48% of new cells were NeuNϩ neurons and 44% were IBA1 microglial cells. Therefore, we conclude that olfactory deafferentation results in a dramatic microgliosis at the expense of the survival of adult-born PG neurons.
Microgliosis occurs early after deafferentation and affects several bulbar layers
To study the time course of deafferentation-induced microglial proliferation, BrdU was injected once 2 h before perfusion at 1, 3, 7, 14, 21, and 28 d following OE lesioning (Fig. 4 A) . These time points allow labeling only of local fast-proliferating cells within the OB. As expected, we found no neuronal cell expressing DCX and BrdU in the GL of healthy or lesioned mice up to 1 month (data not shown), indicating an absence of local neuronal proliferation. In contrast, several fast-proliferating IBA1ϩ and BrdUϩ cells were found in the deafferented OB (t (6) ϭ 7.244, p Ͻ 0.001; Fig. 4 B, C) . Microglia proliferate within 24 h after the lesion (treatment effect: F (1,24) ϭ 10.9, p ϭ 0.003; Fig. 4 D) , peak at day 3 (t (20) ϭ 5.651; p Ͻ 0.001), and return to baseline levels by day 7. Microgliosis occurs in all the layers of the deafferented OB at day 3, except in its core (Fig. 4 E; treatment effect: F (1,16) ϭ 39.31, p Ͻ 0.001; layer effect: F (3,16) ϭ 18.55, p Ͻ 0.001; treatment/layer interaction: F (3,16) ϭ 17.01, p Ͻ 0.001). Maximal microglial proliferation was observed in the GL where OSN terminals degenerate (t (4) ϭ 9.170, p Ͻ 0.001; Fig. 4 E) , while microgliosis was less pronounced in the external plexiform layer (EPL) (t (4) ϭ 4.066; p ϭ 0.0153) and in the GCL (t (4) ϭ 3.236; p ϭ 0.0318). We conclude that dichlobenil administration results in a rapid and global neuroinflammation that affects all OB layers, except the RMSob, leading to a dramatic and transient fast proliferation of local microglia.
Dichlobenil activates microglia in the olfactory bulb
The microgliosis observed in the dichlobenil-treated OB suggests that microglial cells become activated by the chemical lesion. To address this question, we performed CD45 and CD68 staining (Fig. 5 A, C) to label the resting fraction of nonactivated microglia (low expression of these markers) and activated microglia (strong expression of both markers) (Ponomarev et al., 2005; Zattoni et al., 2011) . We found numerous CD45ϩ/IBA1ϩ activated microglia in the deafferented OB compared with the healthy OB (Fig.  5 A, B) . The numbers of IBA1ϩ cells are increased in the GL at day 3 and day 34 following OE lesion (treatment effect: F (2,1) ϭ 15.37, p ϭ 0.0007; 3 d: t (8) ϭ 5.26, p Ͻ 0.01). The number of CD45ϩ/ IBA1ϩ activated microglia showed a similar time course (treatment effect: F (2,9) ϭ 11,08.18, p ϭ 0.0037; 3 d: t (8) ϭ 4.707, p Ͻ 0.01). Activation of microglial cells was also confirmed by strong staining for CD68 in the deafferented OB 1 month after lesion (Fig. 5C) . BrdU was injected 2 h before perfusion to label fastproliferating microglia. Three days after OE lesion, nearly all BrdUϩ cells in the GL also express CD68 (Fig. 5C) , showing they represent activated and proliferating microglia. The number of CD68-expressing cells is strongly increased in the GL at day 3 following OE lesion (t (4) ϭ 17.06, p Ͻ 0.0001; Fig. 5D ). CD68 immunoreactivity was increased in the olfactory nerve layer (ON), GL, and GCL at day 3, day 7, and day 34 after lesion (treatment effect: F (3,33) ϭ 28.94, p Ͻ 0.0001; ON at 3 d: t (6) ϭ 7.058, p Ͻ 0.001; GL at 3 d: t (6) ϭ 5.598, p Ͻ 0.001; GCL at 3 d: t (6) ϭ 2.629, p Ͻ 0.05; Fig. 5E ). Particularly the number of CD68ϩ/ BrdUϩ cells is strongly increased in the GL at day 3 following OE lesion (t (4) ϭ 17.44, p Ͻ 0.0001; Fig. 5F ). Both CD45 and CD68 staining indicate that maximal microglial activation occurred promptly following the lesion and lasted at least 1 month. Therefore, we conclude that microglia rapidly respond to olfactory deafferentation by transiently undergoing both proliferation and activation in the OB circuit.
Antiinflammatory treatment blocks the proliferation and activation of microglia
Peripheral immune cells such as T-cells are required during adulthood for the regulation of proliferation and differentiation of certain stem cells, as demonstrated for the regeneration of hepatocytes from liver stem cells after liver damage (Strick-Marchand et al., 2008) . Similarly, T-lymphocytes and microglia are required for the activitydependent modulation of hippocampal neurogenesis and spatial learning abilities in adulthood (Ziv et al., 2006) . We thus compared the microglial response of immunocompetent (control) and immunodeficient mice after deafferentation (Fig. 6A ). For this, we used Rag2 ␥c Ϫ/Ϫ mice, which lack T-cells, B-cells, and natural killer cells (Colucci et al., 1999) . These alymphoid mice have about the same content of microglial cells as control mice (data not shown). BrdU was injected once 2 h before perfusion to label fast-proliferating cells, and the microgliosis was assessed by quantifying BrdUϩ cells. Olfactory deafferentation in alymphoid mice resulted in similar microgliosis within the OB at day 3 ( Fig. 6A ; comparison between controls and lesioned alymphoid mice: t (4) ϭ 6.102, p Ͻ 0.001, and t (6) ϭ 0.6358, p Ͼ 0.05). These data clearly establish that the adaptive immune system is not required for microglial responses after sensory deafferentation.
Then, we investigated the effect of a nonsteroid antiinflammatory drug, minocycline, on the microglial reactivity (proliferation and activation) induced by the lesion (Fig. 6 A, B) . Minocycline is an antibiotic, which has been reported to inhibit microglial activation in several acute or chronic brain insults (Yrjänheikki et al., 1998; Tikka et al., 2001a; Ekdahl et al., 2003) . We found that, 3 d after OE lesion, minocycline treatment blocked the cell proliferation seen in the GL (Fig. 6 A; comparison between nontreated and minocycline-treated lesioned mice: t (6) ϭ 6.102, p Ͻ 0.05). At the same time, minocycline treatment strongly reduced CD68 immunoreactivity, indicating reduced neuroinflammation in the OB (minocycline effect: F (1,8) ϭ 7.33, p ϭ 0.0268; Fig. 6 B) . Microglial activation was also suppressed by minocycline in the GL and GCL of deafferented mice (minocycline effect for GL: F (1,8) ϭ 8.03, p ϭ 0.022; minocycline effect for GCL: F (1,8) ϭ 7.39, p ϭ 0.0263; Fig. 6 B) . Thus, lesion-induced activation and proliferation of microglia is sensitive to our antiinflammatory treatment.
Antiinflammatory treatment promotes the survival of adult-born neurons
Given the broad inhibitory effects of minocycline on the lesioninduced neuroinflammation in the OB, we investigated first whether daily minocycline treatment might restore olfaction and the OB activity after the chemical lesion (Fig. 7A,B) . No difference was found in the mean latency in the buried food finding test between lesioned mice and minocycline-treated lesioned mice (Fig. 7A) . Furthermore, we found that the TH expression in the GL was similarly reduced in lesioned mice that received minocycline treatment compared with controls (minocycline effect: F (1,13) ϭ 0.12, p ϭ 0.7398; Fig. 7B ). These findings indicate that minocycline efficiently prevents microglial proliferation in response to the lesion without altering the severity of the lesion itself.
The decreased survival of adult-born neurons seen after OE lesion might result from a reduction in the neuronal activity in the deafferented OB and/or to a deleterious context promoted by the activated microglia. To address this issue, minocycline was administrated daily during 1 month following OE lesion, and DCX immunostaining was performed in the OB to quantify the number of immature adultborn neurons (Fig. 7C) . We found no difference in DCX immunoreactivity in the RMSob of all mice treated with or without minocycline (Fig. 7D) . These data indicate that minocycline administration does not change the number of neuroblasts reaching the OB after deafferentation. Conversely, we found that minocycline treatment promotes the survival of DCXϩ neuroblasts in the GL after deafferentation since the number of DCXϩ cells increased in minocycline-treated mice compared with controls ( Fig. 7D; minocycline effect: F (1,14) ϭ 4.85, p ϭ 0.0449). A similar effect of minocycline was also observed in the GCL of deafferented mice (Fig. 7C,D ; minocycline effect: F (1,13) ϭ 8.14, p ϭ 0.0281). Thus, antiinflammatory treatment prevents the massive loss of newly formed GC and PG cells induced by the sensory deafferentation, despite the strong reduction of sensory afferents to the OB.
Discussion
In this study, we identify activated microglia, rather than the lack of sensory experience, as a powerful effector of adult OB neurogenesis. We show that partial ablation of sensory afferents results in the transient proliferation and activation of microglial cells that shorten the life span of adult-born neurons. Preventing microglial activation by antiinflammatory treatment restores the survival of the adult-born neurons despite maintenance of the sensory deafferentation. These results demonstrate that activated microglial cells play key role in regulating the survival of adult-born neurons.
Microglial cells mediate innate immune response
Microglia are critically involved not only in inflammatory and immune responses during brain diseases or trauma but also in the healthy developing brain (Paolicelli et al., 2011; Prinz et al., 2011; Chung and Barres, 2012) . While microglia regulate the number of neuroblasts during developmental neurogenesis in the cerebellum, several lines of evidence suggest that microglia also regulate early steps of the adult neurogenesis (Marín-Teva et al., 2004) . First, microglia eliminate dying neuroblasts within the neurogenic niche of the adult hippocampus (Sierra et al., 2010) . Second, activated microglia impair the formation of new neurons in the adult hippocampus (Ekdahl et al., 2003; Monje et al., 2003) . For instance, irradiation damages the proliferative niche in the adult hippocampus by activating microglia cells and triggering aberrant angiogenesis that collectively lead to sustained blockade of neurogenesis (Monje et al., 2003) . Third, quiescent microglia also contribute to regulating adult neurogenesis. Under basal conditions, apoptotic corpses of newly generated neurons are rapidly eliminated from their place of birth, in the adult subgranular zone, by unactivated microglia endowed with intense phagocytic activity (Sierra et al., 2010) . Our results complement these findings by showing that activated microglia also contribute to adult neurogenesis by acting on a more distal parameter of the adult neurogenesis: the survival rate of immature adult-born neurons.
We show here that dichlobenil-induced olfactory deafferentation leads to a massive cell death of OSNs innerving the OB. The degeneration of sensory terminals within glomeruli induces local microglial activation through an innate immune response that likely involves activation of microglial pattern receptors known to recognize endogenous molecules (DNA, proteins, etc.) , as yet unidentified and released by damaged cells. It is important to note that this robust immune response is maintained as an active state in the healthy OB due to the ongoing replacement of OSNs and of their OB neuronal counterparts, throughout life (Schwob, 2002; Lledo and Gheusi, 2003) . As a result, the adult olfactory system is a site of high cell apoptosis, both at the sensory organ and the first central relay where new PG and GCs are continuously replaced (Lledo et al., 2005) . Approximately one-half of the thousands of new interneurons that reach the OB each day die in the first month after their birth (Petreanu and Alvarez-Buylla, 2002) . In nonlesioned mice, local microglia might contribute to the clearance of OSN cellular debris within the glomeruli, as well as the elimination of dying new PG cells, leading to the activation of a small proportion of microglia in the healthy mice (Fig. 5) . This suggests that (1) dying adult-born OB neurons in the healthy OB circuit do not substantially activate microglia, and (2) the continuous turnover of adult-born OB neurons does not depend on the activation state of microglia, although we cannot rule out that a low level of activation may be sufficient to clear normal levels of apoptosis. In contrast to our finding, it is noteworthy that substantial numbers of activated microglia have been reported in the developing OB (Fiske and Brunjes, 2000) . Postnatal development is a period of broad neurogenesis within the OB, with precise pruning of excess neurons to allow correct tuning of neuronal circuits. Thus, we propose that apoptosis in the developing OB activates local microglia that, in turn, play a key role for neuronal survival in a similar manner as reported for the developing cerebellum (Marín-Teva et al., 2004) . Another interesting possibility is that excess "nondying" neurons express factors that attract and activate microglia, which in turn eliminate them, perhaps by inducing an apoptotic cascade or by the action of cytokines such as the tumor necrosis factor, or by nitric oxide, and reactive oxygen species. In the near future, further investigations will certainly identify the nature of inflammatory mediators released by activated microglia during the innate immune response.
Microglial activation is the main hallmark of neuroinflammation and often results in secondary astrocyte activation and recruitment of leukocytes within the parenchyma, depending on the degree and duration of the insult (Prinz et al., 2011) . We found no astrocyte proliferation (Fig. 3) but rather an upregulation of the GFAP expression level (assessed by immunohistochemistry) (data not shown), which reflects moderate astrocyte activation. Microglial reaction occurs not only in the GL but also elsewhere in the bulb, suggesting a significant diffusion of microglia-activating factors first from the GL and then to all layers. Moreover, no leukocyte infiltration was observed within the OB following the lesion (data not shown), confirming that the neuroinflammation induced by deafferentation is moderate and transient. Because we found no infiltration of leukocytes into the deafferented OB, the hypothesis of the microglial replenishment by macrophages, or precursors originating outside of the CNS, can be discarded. Microglia are probably renewed and activated in situ as previously shown using a parabiosis method (Ajami et al., 2007) .
Tuning the survival of adult-born neurons during OB inflammation
The number of new neurons residing in the OB is dramatically reduced by olfactory deafferentation. Previous studies have shown that adult neurogenesis is reduced by a broad inflammation resulting from systemic injection of proinflammatory factors or by local inflammation of the SVZ (Carpentier and Palmer, 2009; Tepavčević et al., 2011) . In all cases, the reduction in the number of new OB neurons reflects the decreased production of neuroblasts by the inflamed SVZ, as previously found in the hippocampus (Monje et al., 2003) . Our results demonstrate that local inflammation within the OB alters the survival of newly formed neurons and not their recruitment to the bulb, per se. We found also that minocycline treatment inhibits both microglial proliferation and activation in lesioned mice, supporting the strong antiinflammatory effect of this drug (Yrjänheikki et al., 1998; Tikka et al., 2001a; Ekdahl et al., 2003) . Minocycline is a potent inhibitor of microglial activation in vitro and in vivo, which dramatically decreases the activation of microglial NADPH-oxidase and the microglial production of proinflammatory cytokines and inducible nitric oxide synthase (Tikka and Koistinaho, 2001; Tikka et al., 2001b; Wu et al., 2002; Hutchinson et al., 2008) . Inhibition of microglial activation using minocycline probably results from the blockage of cyclooxygenase-2 induction and the activation of stress-activated p38 mitogen-activated protein kinase, two key enzymes involved in the production of proinflammatory prostanoids, proinflammatory cytokines, and cytotoxic molecules including reactive oxygen species and nitric oxide (Yrjänheikki et al., 1999; Tikka et al., 2001a) . The neuroprotective effects of minocycline are probably attributable to the suppression of proinflammatory cytokines and nitric oxide-mediated neurotoxicity (Du et al., 2001) . Of course, one cannot rule out the possibility that at least some of the neuroprotection of minocycline results from a direct action on neurons as previously proposed (Domercq and Matute, 2004) . Of note, minocycline treatment does not suppress OSN degeneration induced by dichlobenil treatment and thus does not rescue sensory inputs to the OB (Fig. 7A,B) . Conversely, minocycline administration rescues adult-born neurons that otherwise would die after olfactory deafferentation (Fig. 7D) . These findings support a role of activated microglia in promoting the death of maturing newly formed neurons. Thus, a simple systemic, nonsteroid antiinflammatory treatment is sufficient to promote neuronal survival in the context of local inflammation.
Two conclusions can be drawn from our antiinflammatory treatment. First, minocycline administration to nonlesioned mice does not perturb the baseline level of neuronal survival, indicating that the moderate activation of microglia in the healthy OB does not participate in the continuous turnover of adult-born neurons. Second, minocycline treatment does not change the amount of neuroblasts reaching the OB, indicating that minocycline does not affect the SVZ production of neuroblasts. This finding extends previous results showing that odorant deprivation, or olfactory deafferentation, leads to a decreased survival of new OB neurons (Corotto et al., 1994; Petreanu and Alvarez-Buylla, 2002; Yamaguchi and Mori, 2005; Mandairon et al., 2006; Bastien-Dionne et al., 2010; Sawada et al., 2011) . From the present study, we conclude that activated microglia is a key regulator capable of adjusting the survival of maturing adultborn OB neurons, at least following chemical lesion of the sensory afferents.
For the first time, our study demonstrates that the targets of this deafferentation are the DCXϩ neurons, suggesting that microglia mostly eliminate developing young neurons. It is possible that activated microglia require caspases to eliminate the newly formed cells. If this hypothesis holds true for the adult OB neurogenesis, the finding that activated microglia operate preferentially on maturing adult-born neurons is consistent with a recent demonstration that immature neurons die mostly under caspase-dependent mechanisms between the age of 14 and 20 d (Yokoyama et al., 2011) . Further studies are necessary to precisely identify the time window(s) during which microglia selectively eliminate maturing neurons. Interestingly, microglia activation largely precedes the decrease in neuronal survival, which first begins in the GL and later in the GCL. This delay might result from the propagation of olfactory processing impairment from glomeruli to deeper OB layers. Further clarification of the mechanisms by which microglia eliminate the neuroblasts should shed light on the complex dynamics of the OB neuronal turnover.
Numerous studies have demonstrated that OB neuronal survival is activity dependent and that synaptic activity plays a crucial role in cell death/survival decisions . New neurons selected to die following the loss of sensory activity could be tagged for subsequent elimination by activated microglia. In this context, inhibition of microglia would ensure the survival of these tagged neurons. Our study demonstrates that microglial cells, known to remove dead cells by phagocytosis, may also promote the death of OB neuroblasts under inflammatory conditions. Collectively, these findings, beyond their basic biological interest, open new therapeutic perspectives on potential antiinflammatory, proneurogenic interventions aimed at improving neuronal survival in both the healthy and diseased brain.
